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Some effects of impurities in the base material of silicon solar 
cells on junction characteristics and radiation damage 'were determined 
in previous work comparing n-on-p and p-on-n solar cells.1,2,3 
work had established the fact that the substitution of boron for phos- 
phorus 
carrier diffusion length preserved in the base material after bombard- 
ment. It was also determined in the same work that the optimum con- 
centration of boron in the base material of cells for achievement of 
good junction characteristics and maximum power output after bombard- 
ment corresponds to that of 10-ohm-cm material. 
This 
in the base material of solar cells increased the minority- 
Later experiments indicated that the diffusion-length degradation 
in the base region of the n-on-p cell, caused by high-energy-particle 
bombardment, was related to interaction of boron atoms with bombardment- 
produced lattice defects. 
A theory was formulated to explain the effects of impurities on 
the basis of the following hypothesis: The probability of a donor or 
acceptor atom associating with a lattice defect in silicon to create 
a recombination center is determined by the properties and concentra- 
tion of donor or acceptor atoms and the density of lattice defects. 
"he density of lattice defects in a single-crystal s,ilicon ingot 
varies with position in the ingot and is a function of single-crystal 
growth conditions. The defect density in silicon is further increased 
by processing the material to make a device or by high-energy-particle 
bombardment. If the hypothesis holds true, then no matter what the 
density of lattice defects or their cause (growth, processing, bom- 
bardment), there should be an observable dependence of minority-carrier 
diffusion length on the specific acceptor or donor element as well as 
on its concentration in the material or device. 
To test the hypothesis, solar cells were made from silicon ingots 
containing either boron, aluminum, indium, gallium, or gadolinium as 
acceptors. Gadolinium and other rare earth elements exhibit valence 
behavior similar to that of the elements in Group 3 of the periodic 
table, and gadolinium was found to act as an acceptor in silicon. 
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The concentrat ions of t h e  va r ious  acceptor  elements i n  t h e  s i l i c o n  
i n g o t s  grown f o r  t h e  experiment were c o n t r o l l e d  t o  y i e l d  s i l i c o n  i n  the 
10- t o  20-ohm-cm r e s i s t i v i t y  range, i n  accordance with previous f i n d -  
ings.  2 ~ 3  Some d i f f i c u l t y  was encountered i n  growing a large-diameter  
20-ohm-cm s i l i c o n  ingo t  doped with gadolinium. Apparently, only a 
small percentage of gadolinium atoms added t o  s i l i c o n  undergo room- 
temperature ion iza t ion .  A t  f i rs t ,  a good-quality 50-ohm-cm gadolinium- 
doped i n g o t  was grown. Subsequently, by a d d i t i o n  of  l a r g e  q u a n t i t i e s  
of gadolinium t o  a s i l i c o n  melt, a 20-ohm-cm ingo t  w a s  grown; however, 
t h e  s t r a i n s  produced by the high concentrat ion of gadolinium i n  t h e  
i n g o t  reduced minor i ty -ca r r i e r  d i f f u s i o n  l eng ths  i n  most regions t o  
values  below 100 microns. The best s e c t i o n s  of the i n g o t  were se- 
l e c t e d ,  and c e l l s  were made from wafers cu t  from these sec t ions .  These 
c e l l s  had i n i t i a l  base-region d i f f u s i o n  l eng ths  exceeding 1 2 0  microns. 
Addit ional  groups of c e l l s  were made from several boron-doped 
i n g o t s  having boron concentrat ions corresponding t o  a range of  resis- 
t i v i t i e s  from 1 t o  1000-ohm-cm. 
F ina l ly ,  s i n c e  oxygen has been i d e n t i f i e d  as an impuri ty  a f f e c t -  
i n g  r a d i a t i o n  damage i n  ~ i l i c o n , ~  groups of c e l l s  were a l s o  made from 
various grades of 10-ohm-cm f loa t - zone  s i l i c o n .  Typical  f l oa t - zone  
s i l i c o n  d i f f e r s  from conventional Czochralski s i l i c o n  i n  t h a t  it con- 
t a i n s  approximately one-hundredth t h e  oxygen concentrat ion t h a t  
Czochralski s i l i c o n  contains .  
A l l  c e l l s  were made by a f a b r i c a t i o n  process  p rev ious ly  de- 
scr ibed.  The c e l l s  had good junc t ion  c h a r a c t e r i s t i c s  and d i f f u s i o n  
l eng ths  exceeding 120 microns. 
doped s i l i c o n  had unusually good junc t ion  c h a r a c t e r i s t i c s  and d i f f u -  
s i o n  l eng ths  exceeding 150 microns. 
Many of t h e  c e l l s  made from aluminum- 
Selected groups of c e l l s  were f irst  sub jec t ed  t o  a ser ies  of 
1-Mev e l ec t ron  bombardments. 
l eng th ,  and power output  under a s o l a r  s imulator  were measured f o r  
each c e l l  a f t e r  each bombardment. 
The junc t ion  c h a r a c t e r i s t i c ,  3 d i f f u s i o n  
Table 1 presen t s  average c h a r a c t e r i s t i c s  of t h e  s e l e c t e d  groups 
Because t h e  c e l l s  w i th in  each group had of c e l l s  a f t e r  bombardment. 
uniform c h a r a c t e r i s t i c s  after bombardment, v a l i d  d i f f e r e n t i a t i o n  i n  
terms of average d i f fus ion  l e n g t h  preserved was poss ib l e .  
Comparison of  t h e  1-, lo-, and 100-ohm-cm C-B c e l l  group d a t a  
c l e a r l y  shows t h a t  decreasing t h e  boron concen t r a t ion  i n  t h e  base 
material increased t h e  magnitude of d i f f u s i o n  l e n g t h  preserved af ter  
any s p e c i f i c  bombardment dose. 
Fig. 1 shows the  d i f fus ion  l e n g t h  p l o t t e d  as a func t ion  of t h e  
bombardment dose. The s lopes  of t h e  p l o t s  do not conform with the  
. 
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half-power dependence predic ted  f r o m  s imple recombination theory.  
magnitudes of t h e  s lopes  f o r  t h e  var ious boron-doped groups i n c r e a s e s  
with inc reas ing  boron concent ra t ion  i n  t h e  base  region of t h e  c e l l s .  
The 50-ohm-cm Gd group p l o t  has t h e  smallest magnitude of s l o p e  d e s p i t e  
t h e  f a c t  t h a t  t h e  acceptor  concent ra t ion  i n  t h e  base reg ion  of the  c e l l s  
i n  t h e  Gd group i s  much h igher  than t h a t  of  t h e  100-ohm-cm C-B group. 
The 
Equiva len t  r e s u l t s  were obtained i n  a s e r i e s  of 10-Mev pro ton  bom- 
bardments of  t h e  var ious  boron-doped Czochralski  c e l l  groups. Seve ra l  
of t h e  10- t o  20-ohm-cm groups conta in ing  acceptor  elements o t h e r  than  
boron were a l s o  subjec ted  t o  t h e  s e r i e s  of 10-Mev proton bombardments. 
A r e l a t i v e  - l o n g  wavelength c o l l e c t i o n  e f f i c i e n c y  method7 was used t o  
measure d i f f u s i o n  l eng ths  of proton-bombarded c e l l s .  The aluminum- 
doped c e l l s  preserved considerably longer  base-region d i f f u s i o n  l e n g t h s  
a f t e r  each bombardment than c e l l s  doped wi th  an equal concent ra t ion  of 
boron. 
The Table 1 d a t a  do not  show any s i g n i f i c a n t  d i f f e r e n c e  between 
t h e  10-ohm-cm FZ-B group and t h e  10-ohm-cm C-B group i n  degrada t ion  of 
d i f f u s i o n  l e n g t h  and thus  i n d i c a t e  no l a r g e  e f f e c t s  on r a d i a t i o n  damage 
were produced by oxygen i n  t h i s  case. 
does, however, undergo less d i f fus ion - l eng th  degradat ion than  t h e  o t h e r  
10-ohm-cm groups. 
manifest  i t s e l f  i n  a series of 10-Mev proton bombardments. 
The 10-ohm-cm FZ-B-Clz group 
The supe r io r  behavior  of t h e  FZ-B-Cl2 group d i d  not  
Subsequently,  sample wafers of t h e  materials used t o  c r e a t e  t h e  
d i f f e r e n t  groups were analyzed fo r  impuri ty  conten t  by mass spec t rog-  
raphy. The samples included wafers from completely processed s o l a r  
c e l l s  t h a t  were t r e a t e d  t o  remove contac ts  and t h e  d i f f u s e d  region.  
The FZ-B and t h e  Czochralski  materials were found t o  conta in  l e s s  than  
0.2 p a r t  p e r  m i l l i o n  of ch lor ine ,  whereas t h e  FZ-B-Clz samples conta ined  
approximately 1 p a r t  per mi l l i on  of  ch lor ine .  
c h l o r i n e  a f f e c t s  r a d i a t i o n  damage of f loa t - zone  material was obta ined  
from an  experiment i n  which c e l l s  were f a b r i c a t e d  from wafers of  a 
f loa t - zone  ingo t  by using two d i f f e r e n t  d i f f u s i o n  processes  t o  form 
t h e  p-n junct ion.  I n  one case  the s tandard  process  was used,3 and, i n  
t h e  second case,  phosphorus t r i c h l o r i d e  was c a r r i e d  i n  a stream of re- 
ducing gas  over  t h e  heated wafers. Under e l e c t r o n  bombardment, t h e  
phosphorus t r i c h l o r i d e  aells had supe r io r  behavior  comparable t o  t h a t  
of t h e  FZ-B-Clz group, whereas they showed no s u p e r i o r i t y  under proton 
Fur the r  evidence t h a t  
4 bombardment. 
Table  1 also p resen t s  d a t a  on curve-power-factor degrada t ion  of 
bombarded s o l a r  c e l l s .  
t h e  r a t i o ,  expressed i n  percent ,  of t h e  maximum power output  of a c e l l  
t o  t h e  product of i t s  open-c i rcu i t  vo l tage  and s h o r t - c i r c u i t  cu r ren t .  
The decreases  i n  curve power f a c t o r  l i s t e d  i n  t h e  t a b l e  occur because 
of i n c r e a s e s  i n  base-region s e r i e s  p a r a s i t i c  r e s i s t a n c e  as a r e s u l t  of 
The curve power f a c t o r  (CPF) i s  def ined  as 
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m a j o r i t y - c a r r i e r  removal under bombardment. The 100-ohm-cm C-B group i s  
very adversely a f f e c t e d  after the  f i rs t  bombardment, while t h e  10-ohm-cm 
c e l l s  are s e r i o u s l y  a f f e c t e d  only af ter  the  f i n a l  dose. 
c e l l  groups, t h e  C-B group i s  most a f f e c t e d ,  while t h e  FZ-B group i s  
l ea s t  affected.  The l a t t e r  r e s u l t  i n d i c a t e s  t h a t  oxygen i n  s i l i c o n  a c t s  
t o  i n c r e a s e  c a r r i e r  removal rate. 
O f  t h e  10-ohm-cm 
After f i n a l  bombardment measurements were made, two of  the FZ-B-Cl2 
ce l l s  were reduced t o  a th i ckness  of 0.006 inch  from t h e  o r i g i n a l  t h i ck -  
ness  of approximately 0.015 inch. Measurement of  t h e  CPF of t h e s e  c e l l s  
showed tha t  t h e  c e l l s  regained the  C F T  values  they had a f te r  t h e  t h i r d  
bombardment. C e l l s  0.006-inch t h i c k  have been f a b r i c a t e d  without d i f f i -  
c u l t y  and may f i n d  use i n  l i gh twe igh t  c o l l a p s i b l e  module s o l a r  c e l l  ar- 
r ays  having small su r face  area when collapsed. 
Degradation of  t h e  10-ohm-cm c e l l  due t o  c a r r i e r  removal i s  not of  
p r a c t i c a l  concern because of  the  extremely heavy bombardment dose re- 
quired t o  a f f e c t  t h e  CPF of 10-ohm-cm c e l l s .  Carrier removal, however, 
does a f f e c t  t h e  v a l i d i t y  of d i f fus ion - l eng th  measurements made on high- 
r e s i s t i v i t y  c e l l s .  
t a i n e d  by t h e  method descr ibed by Rosenzweig,8 which relates t h e  sho r t -  
c i r c u i t  cu r ren t  measured under e l e c t r o n  beam i r r a d i a t i o n  t o  d i f f u s i o n  
length.  The extremely high base series p a r a s i t i c  r e s i s t a n c e  t h a t  
e x i s t e d  i n  t h e  100-ohm-cm c e l l s  a f t e r  t h e  f o u r t h  bombardment prevented 
t h e  measurement of  s h o r t - c i r c u i t  cu r ren t  of  t h e  c e l l s .  The 10-micron 
d i f f u s i o n  l eng th  l i s t e d  f o r  t h e  100-ohm-cm C-B c e l l s  i s ,  t h e r e f o r e ,  t h e  
apparent  rather than t h e  a c t u a l  d i f f u s i o n  length.  S i m i l a r l y ,  d a t a  ob- 
t a i n e d  on 1000-ohm-cm c e l l s  af ter  s m a l l  bombardment doses were not  v a l i d  
and t h e r e f o r e  are not l i s t e d  i n  Table 1. 
The d i f f u s i o n  l eng ths  l i s t e d  i n  Table 1 were ob- 
I n  conclusion, a r e l a t i o n  between t h e  element used as an accep to r  
o r  donor i n  t h e  base region of s o l a r  c e l l s  and t h e  d i f f u s i o n  l e n g t h  
preserved i n  t h e  base region a f t e r  bombardment has been shown t o  e x i s t .  
Since simple recombination theory does not  t a k e  i n t o  account t h e  r o l e  
of acceptors  o r  donors as p a r t i c i p a n t s  i n  t h e  formation of recombina- 
t i o n  cen te r s ,  i t  cannot be expected t h a t  t h e  r e s u l t s  of  the experiments 
conform wi th  t h e  aforementioned theory.  
The e f f e c t s  of i m p u r i t i e s  on the  o r i g i n a l  c h a r a c t e r i s t i c s  of s i l i -  
con material and devices i s  o f t e n  obscured by uncon t ro l l ed  variables i n  
growth and processing. High-dose p a r t i c l e  bombardment was used t o  i n -  
j e c t  s u f f i c i e n t  l a t t i c e  d e f e c t s  t o  make t h e  e f f e c t s  of o r i g i n a l  d e f e c t  
d e n s i t y  v a r i a t i o n  i n  t h e  materials i n v e s t i g a t e d  n e g l i g i b l e .  Bombard- 
ment t hus  p e r m i t t e d  t h e  c l e a r  discernment of t h e  e f f e c t s  of impur i t i e s .  
The aluminum-doped c e l l s  were found t o  be highly s u p e r i o r  i n  terms of 
d i f f u s i o n  l eng th  r e t a ined  a f t e r  bombardment. This r e s u l t  c o r r e l a t e s  
wi th  t he  f a c t  t h a t  many of t h e  aluminum-doped c e l l s  had s u p e r i o r  d i f -  
f u s i o n  l eng ths  p r i o r  t o  bombardment. A similar c o r r e l a t i o n  occurred 
i n  t h a t  t he  high ch lo r ine  content  f l oa t - zone  material, from which c e l l s  
. 
- 5 -  
. 
with  s u p e r i o r  bombardment behavior  were made, had a higher minori ty-  
c a r r i e r  l i f e t i m e  than  o t h e r  samples of f loa t - zone  material grown by iden-  
t i c a l  processes .  These c o r r e l a t i o n s  a r e  i n  agreement wi th  p r e d i c t i o n s  
based upon t h e  hypothesis  s t a t e d  at t h e  beginning of t h e  paper. 
Analysis  of j unc t ion  c h a r a c t e r i s t i c s  of t h e  var ious  groups of c e l l s  
made i n  t h i s  s tudy and i n  a previous study3 revea led  a dependence of the 
junc t ion  c h a r a c t e r i s t i c  on t h e  s p e c i f i c  acceptor  element and on i t s  con- 
c e n t r a t i o n  i n  the  base ma te r i a l  of the  c e l l s .  It was found tha t ,  t h e  
lower t h e  concent ra t ion  of  var ious  acceptors  i n  t h e  base m a t e r i a l ,  t h e  
more "ideal" were t h e  junc t ion  c h a r a c t e r i s t i c s  of c e l l s .  Aluminum 
appears  t o  be the  most d e s i r a b l e  acceptor  element i n  s i l i c o n  f o r  t he  
c r e a t i o n  of f i n e  q u a l i t y  junc t ions .  Impur i t i e s  i n  s i l i c o n  a f f e c t  junc- 
t i o n  c h a r a c t e r i s t i c s  by c r e a t i n g  s t r a i n s  i n  t h e  m a t e r i a l  due t o  m i s f i t  
i n  t h e  l a t t i c e ,  by a s s o c i a t i n g  w i t h  l a t t i c e  d e f e c t s  t o  c r e a t e  recombina- 
t i o n  c e n t e r s  i n  the junc t ion  region,  and by migrat ing t o  and p r e c i p i -  
t a t i n g  i n  t h e  junc t ion  region during high-temperature f a b r i c a t i o n  pro- 
cessing.  The aluminum atom apparent ly  c r e a t e s  minimum d i s tu rbance  i n  
t he  s i l i c o n  l a t t i c e ,  and, as  t h e  bombardment results show, has the  
l e a s t  tendency t o  combine with l a t t i c e  d e f e c t s  t o  form recombination 
cen te r s .  Aluminum is ,  the re fo re ,  a most a t t r a c t i v e  acceptor  f o r  use  
i n  s i l i c o n .  
The a c t i v i t y  of acceptor  o r  donor atoms i n  t h e  c r e a t i o n  of recom- 
b i n a t i o n  c e n t e r s  i n  s i l i c o n  i s  a t t r i b u t e d  t o  a s s o c i a t i o n  of vacancies  
wi th  these atoms t o  produce a recombination-center conf igura t ion .  
resonance measurements have permit ted determinat ion of conf igu ra t ions  
of vacancies  i n  s i l i c o n  with oxygen o r  phosphorus t h a t  a c t  a8 t r app ing  
cen te r s .  '~10 It i s ,  t h e r e f o r e ,  reasonable  t o  assume t h a t  c e r t a i n  con- 
f i g u r a t i o n s  of vacancies i n  s i l i c o n  wi th  impur i t i e s  r e s u l t  i n  recombina- 
t i o n  centers .  
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TABU 1. - EFFECTS O F  1-MEV ELECTRON BOMBARDMENT 
:PF 
68 
66 
68 
68 
-- 
-- 
ON DIFFUSION UNGTH, L, AND CURVE POWER 
L 
2.5 
8.5 
8.5 
10 
15.5 
10 __ 
FACTOR, CPF, O F  SOLAR C E U S  
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Figure 1. - Diffusion-length degradation versus 1-Mev electron flux. 
